Two active isoforms of bovine liver phosphorylase with distinct subunit composition have previously been purified (C&mara Artigas, A., Bar6n, C. and Parody-Morreale, A. Prot. Express. Purif. 1994, 5, 157), one showing three SDS-PAGE polypeptide bands (molecular mass = 97, 55 and 40kDa) and the other showing just one (molecular mass = 97 kDa). A molecular mass of 200 kDa has been determined for the native enzymes by gel filtration. Amino acid analyses have been performed in both cases, giving the same results which are similar to those obtained with other phosphorylases. SDS-PAGE experiments at different concentrations of the three-band enzyme have suggested a 1:1:1 stoichiometry between the polypeptides. The pyridoxal-5'-phosphate site is located in the 55 kDa polypeptide and the phosphorylation site in the 40 kDa one. These polypeptides can be generated from the three-band enzyme by tryptic attack in the presence of glycogen without loss of enzyme activity. In the absence of glycogen, 55 kDa and 38 kDa polypeptides are generated, with a significant decrease in activity. We conclude that the three-band enzyme is a dimer composed of an intact monomer and a broken one. The lyotropic salt activation site of the enzyme is near the amino terminal group.
Glycogen phosphorylase (EC 2.4.1.1) is a key regulatory enzyme in glycogen metabolism. Covalent control of its activity occurs via a phosphorylation mechanism. Phosphorylase a is the phosphorylated form of the enzyme and phosphorylase b is the dephosphorylated form. Allosteric control is mediated by several metabolites, with adenosine 5'-monophosphate (AMP) being the most important one.
In contrast to muscle phosphorylase b, the b or inactive form of the liver enzyme exhibits limited activity even in the presence of AMP; however, its activity in the presence of AMP and sodium sulfate is approximately 40% of that of the a form 1. Addition of lyotropic salts also produces an activity increase in muscle phosphorylase b 2.
With the aim of carrying out physicochemical studies on liver glycogen phosphorylase, we set out in our laboratory to purify the bovine b form of the enzyme following the basic procedure described previously 3, as modified by Hwang et alff. During the process, we were able to purify two fully active forms of the enzyme 5. When subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), one of the forms yields * To whom correspondence should be addressed three bands with molecular masses of 97, 55 and 40 kDa. The polypeptide chains associated with these bands are termed M97, F55 and F40. This is the same form of the enzyme as purified by Hwang et al. 4 , and we have named it phosphorylase b 3. The other form, which is a novel one, gives a single band of molecular mass 97kDa when subjected to SDS PAGE, and we have named it phosphorylase bl. This paper presents some studies of the basic molecular characterization of both enzymes. We have determined their amino acid composition and quaternary structure and the location in the b 3 molecule of the pyridoxal 5'-phosphate (PLP) site and the amino terminal group. Trypsinolysis studies have led to the conclusion that the sulfate activation site is near the amino terminal group.
Experimental

Materials
All chemicals used were of the highest purity available and purchased from either Sigma, Merck or Boehringer. [7-32p] -ATP was obtained from the Radiochemical Center, Amersham, UK. Sephacryl S-300 and Sephadex G-25 were purchased from Pharmacia.
Bovine liver glycogen phosphorylases b and glycogen were purified as described previously 5. When necessary, prior to use, the phosphorylase was passed through a Sephadex G-25 column equilibrated with 1 mM //-mercaptoethanol, 1 mM ethylenediamine tetraacetic acid (EDTA), 5mM N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) (pH7.0) or 10mM tris(hydroxymethyl)aminomethane (Tris) (pH 7.5).
Phosphorylase b kinase (EC 2.7.1.38) was prepared from rabbit skeletal muscle 6 using modifications proposed by Cohen 7. Bovine liver phosphorylase a labelled with 32p was obtained by phosphorylation of phosphorylase b catalysed by phosphorylase b kinase according to the method described by Cohen v.
Bovine pancreatic trypsin was obtained from Boehringer and used without further purification.
Measurement of protein concentration
Protein concentrations were measured according to either the Lowry et al. s or biocinchoninic acid (BCA) 9 methods. For pure liver phosphorylase b solutions, the concentration was determined by using the rabbit muscle 280 nm. EI~ = = 13.2 (ref. 10 ). enzyme-specific absorbance at
• ~ %
Measurement of phosphorylase b activiO'
Enzyme activity was determined by measuring the inorganic phosphate produced in the phosphorylasecatalysed reaction of glycogen with glucose-1-phosphate, according to the method described by Hedrick and Fischer ~ and modified by Appleman et al. 3 . The assay was performed in the presence of 0.7 M NazSO 4 and 1 mM AMP. Phosphorylase b preparations used in our work had specific activities of 40 to 45 units mg 1. In the absence of Na2SO4, the specific activity was between 5 and 10 units mg-~.
Protein electrophoresis
Non-denaturing conditions. Gel electrophoresis of the native enzyme was performed in acrylamide gels according to the method described by Davis 11 , using a discontinuous system with a stacking gel buffer Tris-HC1 (pH 6.8), a separating gel buffer Tris-HC1 (pH 8.8) and a running buffer Tris-glycine (pH 8.3).
Denaturing conditions. SDS PAGE of the enzyme was performed according to the method described by Laemmli a3. For routine checks of the purity of our preparations, Coomassie brilliant blue" was used for staining the protein bands. In the experiments in which the relative proportion of polypeptides associated with the three different bands in phosphorylase b3 was measured, Procion navy blue was used x4. Densitometric analyses were performed using a Beckman DU70 spectrophotometer with the appropriate accessory.
Proteolysis
Phosphorylase b 3 (1.2mgml 1) was digested with bovine pancreatic trypsin (0.17 8.4% w/w with respect to phosphorylase) in 5 mM HEPES, 1 mM EDTA, 1 mM fl-mercaptoethanol, pH 7, at 30°C for 30 or 60min. Proteolytic action was stopped by dilution in 0.1 M maleate buffer, 1% albumin (pH 6.5) and the activity was assayed immediately. For the SDS-PAGE experiments, the proteolysis was stopped by precipitation with ice-cold trichloroacetic acid (TCA) (5% final concentration). The trypsin solution (1 mg ml ~) was freshly prepared before the experiment by dissolving the enzyme in 0.1 mM HC1.
Tryptic digestion oftheliver phosphorylase b 3 glycogen complex was realized in 10mM Tris, 1% bovine liver glycogen, pH 7.5 at 30°C, with a phosphorylase concentration of 0.33 mg ml ~. The reaction was started by addition of the trypsin solution (3.3 pg ml-~ final concentration). At various time intervals, 40/xl aliquots of the reaction mixtures were removed for measurement of residual phosphorylase activity or 50 pl aliquots were added to an equal volume of 10% TCA for SDS PAGE. Control experiments without glycogen were performed simultaneously.
Preparation o[phosphoo, lase b3 antibodies
Phosphorylase b3 solution (1 mg ml ~) was emulsified with an equal volume of Freund's adjuvant and injected subcutaneously into a New Zealand white rabbit. The same process was repeated three more times at weekly intervals using 0.5 mg phosphorylase b3. Antiserum was tested for antibodies against phosphorylase b 3 by enzyme-linked immunosorbent assay with a serum titre of ! :350 000.
Results
Gel e/ectrophoresis
As already stated, we have shown in our previous work s that SDS PAGE of phosphorylase b.~ yields a three-band pattern with bands of associated molecular masses of 97. 55 and 40kDa, as can be seen in Figure 2 : SDS PAGE of phosphorylase bl gives just one band with a molecular mass of 97kDa. Native gel electrophoresis of both enzymes yields one band of equivalent behaviour.
Molecular mass determinations
An estimate of the molecular mass of native phosphorylases b3 and bl was made by comparing their migration in a Sephacryl S-300 column with that of apoferritin (443 kDa) and fl-amylase (200 kDa). As can be seen in Figure 1 , the elution profiles of both phosphorylases closely parallel that of/t-amylase, with a very slight shift towards a higher elution volume. From this experiment, a molecular mass of approximately 200 kDa or slightly lower could be attributed to the native enzyme with a concentration of the order of0.i mg ml 1. The same results were obtained from Ferguson plots 15 after non-denaturing gel etectrophoresis in gels of different acrylamide concentrations (5 9%).
Amino acid analysis
The results of amino acid analysis of phosphorylase b3 are shown in Table 1 . For the sake of comparison, the amino acid compositions of rabbit muscle and human liver phosphorylases are also shown.
The cysteine content of the enzyme was determined by measuring the amount of product generated by reaction with Ellman's reagent 1° 5,5'-dithiobis-(2-nitrobenzoic) acid. When the reaction was followed in the presence of 10% SDS, a value of seven cysteines per 97kDa subunit was obtained. Under non-denaturing staining agent must be the same for both chains, as both have the same amino acid composition. The results of this experiment are shown in Figure 2 . The slope of the line in part B is close to 1, indicating a molar ratio of 1:1. This result demonstrates a 1 : 1:1 stoichiometry between monomer M97 and fragments F55 and F40. Procion navy blue was used as the staining agent in this experiment, as the amount of it that binds to a polypeptide chain does not depend on the molecular weight of the latter.
Pyridoxal-5'-phosphate
The PLP content of phosphorylase b 3 was measured after its separation from the protein by treatment with 0.3M perchloric acid 17. The denatured protein was conditions, two cysteines per 97kDa subunit were identified. The results of the amino acid analysis of purified phosphorylase bl are also shown in Table 1 . As can be seen, the amino acid compositions of phosphorylase bl and b 3 coincide, which allows us to affirm that fragments F55 and F40 have the same amino acid composition as monomer M97; also that their molar ratio is 1:1. The straightforward interpretation of these facts is that fragments F55 and F40 in phosphorylase b 3 come from the rupture of one monomer of M97.
A
M97, F55 and F40 stoichiometry
To determine the molar ratio between M97 and F55 + F40 (taking F55 + F40 to be a single polypeptide chain), an SDS-PAGE experiment was performed in which we took advantage of the fact that the binding of In order to determine in which fragment of the enzyme the PLP molecule is located, phosphorylase b3 was reduced with NaBH4 and the peptides were separated by high-performance liquid chromatography on a C18 Vydac column. The eluate absorbance was assessed for protein content at 280 nm and PLP content at 330 nm.
Fioure 3 shows the results of the experiment. It can be seen from the 280nm absorbance trace that the three polypeptides can be separated by such chromatography; the peak assignments were performed after SDS-PAGE of a fraction of each one. The 330 nm trace shows that the PLP site is located in the 55 kDa fragment.
Amino terminal 9roup
In order to determine the fragment containing the amino terminal group, phosphorylase b 3 was phosphorylated with radioactive phosphate using phosphorylase b kinase, assuming that, as in any other glycogen phosphorylase, the phosphorylation site is 14 residues away from the amino terminal group 18. Once the enzyme was phosphorylated, the fragments were separated by SDS-PAGE and the presence of radioactive phosphate detected by radiography. The results of the experiment are shown in Figure 4 . Radioactive phosphate was present in both the M97 monomer and the F40 fragment, which implies the presence of the amino terminal group in the latter.
Trypsinolysis of phosphorylase b~
The three-band pattern of phosphorylase b 3 is similar to that of the rabbit muscle enzyme partially proteolysed by trypsin, as shown by Koide et al. 19 in studies to determine its sequence.
We have studied the proteolysis of bovine liver phosphorylase b 3 by determination of both the molecular mass distribution of the polypeptides observed in electrophoresis experiments and the enzyme activity after trypsin attack. Figure 5A shows SDS PAGE runs (a and b) of phosphorylase b 3 before (lanes 1) and after tryptic attack by different amounts of trypsin (lanes 2, 3 and 4) for (a) 30 and (b) 60 min. It is immediately apparent that the 40kDa band disappears and is substituted by a 38 kDa band. In the experiment at the lowest trypsin concentration, 2/tg ml-1, both bands can still be detected after 30 min (lane 2a). These results imply that the F40 fragment yields the F38 fragment. Densitometric analysis of SDS-PAGE gels after 30 min of proteolysis by different amounts of trypsin are shown in Figure 5B . The amount of M97 present decreases with increasing trypsin concentration, with a parallel increase in the amounts of F55 and F40 or F38 fragments. The activity measurements are shown by the solid line in Figure 5B . The enzyme activity decreases from 40 to 5 10 units mg-1 parallel to the appearance of the 38 kDa fragment. The time course of the inactivation at a trypsin concentration of 3/~g ml 1 is shown in Figure 6A .
In the presence of glycogen, only a slight decrease of the enzyme activity was detected in a trypsinolysis experiment. Measurements of the activity over a period of 3 h are shown in Figure 6A . SDS PAGE experiments in that time period show that the relative proportions of M97, F55 and F40 are only slightly affected, while the formation of the 38 kDa fragment is inhibited. After 24 h, a doublet~in the F40 position can be seen, while only the 38 kDa fragment is detected in the absence of glycogen (Fiyure 6B).
Discussion
The molecular mass of around 200 kDa determined for the native phosphorylases is the same as that arrived at for the a and b forms of rabbit and pig liver enzymes 3'2° 0.8 and points to the dimeric quaternary structure of both of the b forms of bovine liver phosphorylase. By preparative isoelectric focusing, we can separate from a phosphorylase b 3 solution 5 forms of glycogen phosphorylase mainly composed of either M97 monomers alone or F55 and F40 fragments. The first of these forms is active and we have named it phosphorylase by As the amino acid analysis of phosphorylases b 3 and bl is very similar and the bl form of the enzyme is mainly composed of just M97 monomers, this implies that, in phosphorylase b 3, one F40 fragment and one F55 fragment might represent a broken M97 monomer. Other results support this hypothesis. Thus, the determination of 1.0 mol of pyridoxal-5'-phosphate per 97 kDa subunit in the enzyme indicates that the broken monomers also keep the cofactor bound. Likewise does the measurement of the cysteine content; the sequence of human liver phosphorylase has seven cysteines per monomer 21, which compares very well with our result for phosphorylase b 3 of seven cysteines per 97 kDa subunit. An important fact with regard to both the pyridoxal-5'-phosphate and cysteine contents is that the expected figure was arrived at after calculations in which the presence of only one type of monomer was considered.
With regard to the cysteine content, it is worth mentioning here that we have only measured two reactive cysteines in native phosphorylase b 3 as opposed to four reactive cy~teines in the native rabbit muscle enzyme 22'23. This result is compatible with the disappearance in the human liver sequence 21 of cysteines in positions 170 and 319 of the rabbit muscle sequence 27 which are the ones that show the highest reactivity in the native enzyme 24.
Taking F55 and F40 to be a broken monomer in phosphorylase b 3 and the native enzyme to have a molecular mass of 200 kDa, we suggest that phosphorylase b a is composed of the species depicted in Figure 7 . I is an enzyme dimer composed of two intact monomers, II is made up of one intact and one broken monomer, and III contains two broken monomers. With this working hypothesis, it is possible to explain the purification of phosphorylase bl 5 by considering that species I, II and III have different isoelectric points with increasing values from I to III. Under the conditions of isoelectric focusing of phosphorylase b3, a measurable population of species I tends to concentrate at the lower isoelectric point end of the fractionation range, which, after separation, constitutes our preparation of phosphorylase bl.
Electrophoresis of phosphorylase ba indicates a 1:1:1 stoichiometry between the M97, F55 and F40 polypeptides, which implies that approximately 50% of the monomers are intact. This stoichiometry suggests that, in our phosphorylase b 3 preparation, the amounts of species I and III (Figure 7) are very low. If this were not the case, one would have to accept that the mole fractions of species I and III are the same. As it is difficult to find a reason for the breakdown of the monomers proceeding to exactly that point, we believe that our preparations of phosphorylase b a are mainly composed of species II, i.e. a dimer made up by one intact and one broken monomer. Hwang et al. 4 state that, in their phosphorylase a preparation, the relative proportion of intact monomers is 35~0%, according to measurements made from SDS gels, but omitting any detailed account of how these measurements were made. We have found that, when using Coomassie brilliant blue ~R~ as a staining agent for SDS gels, the amount bound per unit mass of protein for the intact monomer is significantly lower than for the fragments. If a relative proportion is calculated from an SDS gel stained with Coomassie blue, an erroneous conclusion may be arrived at. Trypsinolysis experiments show that proteolytic attack generates fragments of 55 and 38 kDa from the higher molecular mass monomer (97 kDa) (with the 38 kDa fragment being the result of loss of a 2 kDa peptide from the 40 kDa fragment). These 55, 40 and 38 kDa fragments are the only ones formed after tryptic attack of bovine liver phosphorylase. As the 40 kDa fragment is the one that contains the NH 2 terminal group, the broken peptide bond is about two-fifths of the distance from that end, in a region that is liable to proteolytic action. Thus, it must be on the surface of the enzyme tertiary structure. At present, only the rabbit muscle tertiary structure is known 25, although, since the amino acid sequences of human zt and rat 26 liver phosphorylases show 80% homology with the rabbit muscle enzyme 2v, a similar structure for both proteins is assumed 28. If such similarity is accepted, the only area in the tertiary structure able to generate complementary fragments with molecular masses of 55 and 40 kDa is that between amino acids 354 and 363, which, in both the muscle enzyme and human and rat liver enzymes, has two peptide bonds (Arg 357 and Lys 362 in muscle and Lys 357 and Lys 362 in liver) that can be broken by trypsin. This area is in the glycogen-binding subdomain 25.
Breaking of a 97kDa bovine liver phosphorylase monomer into 55 and 40 kDa fragments does not seem to affect the maximum activity of the enzyme and thus its tertiary structure. In trypsinolysed bovine liver phosphorylase, loss of activity is associated with the loss of an approximately 2 kDa peptide by the F40 fragment. Results with other phosphorylases support the view that this peptide is the amino terminal one. Rabbit muscle phosphorylase can be cut at Argl6 (a residue that is conserved in the liver enzyme), releasing the amino terminal group with the phosphorylation site 25"29. After trypsin attack, potato phosphorylase is broken at two points3°: at the middle part of the monomer and next to the amino terminal group, with the loss of activity being related to the latter cut. Trypsin action on bovine liver phosphorylase b is thus likely to be the same as in the rabbit muscle phosphorylase b to generate the b' form 31. Both forms are similar in many of their physical and catalytic properties, although they exhibit different responses towards certain effectors: phosphorylase b but not phosphorylase b' may be activated by lyotropic salts TM. Our results indicate that bovine liver glycogen phosphorylase b cleaved to yield a 38 kDa fragment has a specific activity of 5-10 units mg -~, with the same activity of enzyme being seen in the absence of sulfate.
These results suggest that the amino terminal region of bovine liver phosphorylase is involved in its activation by NazSO 4. The sulfate group must bind non-covalentty to this region as it occurs in the muscle isoenzyme 33.
The electrophoresis mobility of the M97 band seems not to be affected by trypsinolysis although we cannot A B
M97
F55 Figure 8 Immunoblot of (A) phosphorylase b 3 and /B) a li~er homogenate obtained under denaturing conditions. Antibodies capable of recognizing polypeptides M97 and F55 of phosphorylase b3 were obtained. They were used in the following experiment to check for the presence of those polypeptides at the onset of purification. A sample of liver (3 g) in 10% TCA (10 ml) was homogenized with the aid of a microhomogenizer. After 30 min at 4 C, the precipitated protein was pelleted at 15 000g for 5 min, washed with 5 % trichloroacetic acid once and cold 90% v,v acetone twice: it was then dried and solubilized with SDS electrophoresis buffer by 15 min sonication. After running the gel, a Western blot was made to transfer the protein in the gel to nitrocellulose paper, lmmunodetection of protein bands in the paper was carried out according to the method described by Towbin et al. ~5 using an antiserum dilution of 1/1000. The antigen antibody reaction was detected using rabbit anti-lgG obtained in goat and labelled with peroxidase. This figure shows that fragment F55 can be detected in a liver homogenate obtained under denaturing conditions (BI conclude that a 2 kDa fragment is not lost from its amino terminal end as it is a very small molecular weight change to be detected at the high-molecular-weight end of an SDS-PAGE electrophoresis experiment. Phosphorylase is bound to glycogen particles in the liver. In this state, it is protected from proteolysis of the amino terminal group. We consider that the enzyme is in the b 3 form in vivo. We have described experiments 5 which show that no proteolysis occurs during the purification procedure. Although we cannot be conclusive about our hypothesis, Figure 8 shows one experiment that supports it, as we have been able to detect the presence of F55 fragments in a liver homogenate obtained under denaturing conditions in which very little time was allowed for proteolytic action to take place.
